Abstract. The focus of this paper is to develop a practical approach for estimating daytime net CO 2 fluxes (i.e., daytime net ecosystem exchange or NEE) generated over balsam fir (Abies Balsamea (L.) Mill.) dominated forest ecosystems in the Atlantic Maritime ecozone of eastern Canada. The approach establishes empirical relationships between daytime NEE and absorbed photosynthetically active radiation (APAR) for the May-September period in 2004 and 2005 using flux measurements obtained at one of four flux towers in west-central New Brunswick, Canada. Our analysis reveals that the seasonally averaged daytime NEE and APAR values are strongly correlated. A linear regression fitted to the data explains more than 97% of the variation in the averaged daytime fluxes. Application of this linear relationship to data collected from a second New Brunswick flux site with higher measured NEE produces an equally high r 2 value (-99%) when a linear fit is applied to the observed versus predicted values. Spatial calculations of APAR are obtained by multiplying the moderate resolution imaging spectroradiometer (MODIS) derived fraction of photosynthetically active radiation and digital elevation model corrected calculations of photosynthetically active radiation. This information and the relationship between daytime NEE and APAR provide the basis for the calculation of NEE across a balsam fir dominated region in northern New Brunswick, where it constitutes more than 50% of the forest cover.
Introduction
Unprecedented rises in atmospheric carbon dioxide (CO 2 ) and associated transformations in global climate have drawn a great deal of attention from scientists, policy-makers, and the general public globally. Carbon dioxide, a prominent greenhouse gas, absorbs outgoing terrestrially emitted long-wave energy as part of its role in the greenhouse effect. Increased absorption of long-wave energy has been responsible for an observed increase in the earth's mean temperature since industrialization in the late 1800s.
Forests play an important role in transforming and storing atmospheric CO 2 in the live and dead biomass. About 87% of total world CO 2 emissions during the period have been directly attributable to human activity in global forests through deforestation and burning (Houghton, 1999) . Wellthought-out forest management plans have been demonstrated to be valuable in offsetting industrial production of CO 2 (Meng et al., 2003) . As Canada possesses about 10% of the global forests, it is important for Canada to study how its forest ecosystems take part in the global carbon budget.
Our focus in this paper is to develop a practical methodology to estimate daytime net CO 2 fluxes (i.e., daytime net ecosystem exchange (NEE)) generated over balsam fir (Abies balsamea (L.) Mill.) dominated forest ecosystems in eastern Canada by combining tower-based flux measurements with remotely sensed moderate resolution imaging spectroradiometer (MODIS) data. Daytime NEE is defined as the difference between the uptake of atmospheric CO 2 through photosynthesis (defined as a positive flux in this paper) and the release of CO 2 through plant and soil respiration (defined as a negative flux).
Over the past two decades, flux towers have been made operational around the world for acquiring information about the magnitude of biospheric fluxes of CO 2 , water vapour, and energy for many of the world's biomes. Central to the operation of these networks is the eddy-covariance technique. This technique monitors ecosystem function with respect to climate variation and disturbance at temporal scales ranging from a few minutes to several decades (Baldocchi et al., 2001; Baldocchi, 2003) . Since 2003, four eddy-covariance towers have been operational in New Brunswick, Canada, as the Atlantic Canada contribution to the Fluxnet-Canada Research Network project (FCRN) (Coursolle et al., 2006) . Although the towers acquire very useful temporally enriched information about ecosystems, they only integrate over spatial areas of a few hundreds of hectares and, as a result, fail to give the spatial data (extent) needed for forest management applications. Since remote sensing offers near-continuous spatial information at large spatial extents, the integration of flux measurements with remotely sensed data is a viable approach to understanding the carbon cycle (and tree productivity) across a multitude of spatial scales (e.g., Ruimy et al., 1996; Running et al., 1999; Veroustraete et al., 2002; Hunt et al., 2002; Gilmanov et al., 2005; Maselli et al., 2006) . For instance, Holifield et al. (2003) have used a water deficit index derived from satellite images to estimate instantaneous CO 2 fluxes over grassland ecosystems. Kelly et al. (2002) have employed airborne-based remote sensing measurements to relate daytime NEE to absorbed photosynthetically active radiation (APAR) over mixed coniferous forests, mixed short-grass prairie, and sagebrush shrubland. Hassan et al. (2006a) have demonstrated the potential of using an empirical relation between daytime NEE and APAR to calculate net daytime CO 2 fluxes over forests in New Brunswick using four MODIS images obtained from the May-September period of 2004.
In this paper, our objectives are to (i) characterize the light use efficiency (i.e., the capacity of vegetation to convert APAR into living biomass) and ecosystem respiration for young to intermediate-aged balsam fir forest ecosystems in New Brunswick, (ii) relate tower-based measurements of NEE to APAR, (iii) use a digital elevation model (DEM) of the province to enhance spatial calculations of daily photosynthetically active radiation (PAR) and APAR under cloud-free conditions, and (iv) generate a spatial calculation of daytime NEE for a balsam fir dominated region in northwestern New Brunswick.
Study area
Canada is divided into 15 terrestrial ecozones (i.e., generalized zonal groupings based on similar types of soil formation, climate, and land-use cover) as described by the National Ecological Framework for Canada (Ecological Stratification Working Group, 1996) . The Atlantic Maritime ecozone in eastern Canada (Figure 1a) is characterized by its temperate evergreen-deciduous mix (transitional) forest cover type, of which the Acadian forest forms a significant component. The climate is largely influenced by the proximity of the region to the Atlantic Ocean. The area experiences a cool-moist climate with mean annual temperature and annual precipitation ranges of 3.5-6.5°C and 900-1500 mm, respectively. New Brunswick occupies about 35% of the Atlantic Maritime ecozone.
New Brunswick has a total land area of 73 440 km 2 . The northern area is dominated by the Appalachian Mountains, sloping into a rolling plateau in the interior. The eastern portion of New Brunswick is mostly flat, and the southern portion of the province is significantly more rugged. Here, mixed forests occupy about 85% of the land base (Natural Resources Canada; available from http://www.nrcan-rncan.gc.ca/cfs-scf/national/ what-quoi/sof/sof06/profilesNB_e.html).
The dominant deciduous species are red maple (Acer rubrum L.), sugar maple (Acer saccharum Marsh), white birch (Betula papyrifera Marsh), yellow birch (Betula alleghaniensis Britton), and beech (Fagus grandifolia Ehrh.). The dominant coniferous species are balsam fir (Abies balsamea (L.) Mill.), black spruce (Picea mariana (Mill.) B.S.P.), white spruce (Picea glauca (Moench) Voss), red spruce (Picea rubens Sarg.), eastern white cedar (Thuja occidentalis L.), and eastern hemlock (Tsuga canadensis (L). Carr.). Among these species, balsam fir is one of the most important commercial species for the production of pulp, as it occupies about 19% of New Brunswick forests. The average age of forests in New Brunswick is between 20 and 40 years old for about 80% of the forest land (including balsam fir forest land) due to the province's extensive harvesting history.
The province is further subdivided into the following seven distinct ecoregions according to topography, climate, soil, and vegetation types: (1) highlands (representing about 6.7% of New Brunswick), (2) northern uplands (12.0%), (3) central uplands (16.5%), (4) Fundy coastal zone (3.1%), (5) valley lowlands (27.7%), (6) eastern lowlands (28.8%), and (7) Grand Lake lowlands (5.2%). Figure 1b shows the boundaries of the ecoregions as a function of elevation.
In this study we make use of flux data acquired at two tower sites situated in high balsam fir content stands near Nashwaak Lake (balsam fir making up -90% of the total site volume; Xing et al., 2005) and Charlie Lake (-95%; Xing et al., 2005) .
The Nashwaak Lake (NWL) and Charlie Lake (CL) sites fall in the central uplands and valley lowlands ecoregions, respectively (Figure 1b) . According to Godin and Roberts (1994) , balsam fir is the dominant species (with >50% species make up) over the relatively cold and wet highlands of northern New Brunswick, i.e., the highlands, northern uplands, and central uplands ecoregions (ecoregions 1a, 1b, 2, and 3a; Figure 1b ). These ecoregions together make up about 33.2% of the total land area of New Brunswick. Table 1 lists the data used in this study. Main inputs to the calculation of daytime NEE include digital number (DN) from the MODIS satellite sensor and fluxes of CO 2 and PAR acquired from the NWL flux tower. Among the 36 available bands (channels) of the MODIS images, the visible and nearinfrared bands (optical bands 1 and 2) are used in this research. The visible and near-infrared bands capture visual detail of the earth's surface appropriate for estimating surface variables, such as normalized difference vegetation index (NDVI; a measure of vegetation greenness) and surface albedo (surface reflectivity). The optical bands acquire detail at comparatively fine spatial resolutions, at least once every day. In this paper, we use 12 almost cloud-free MODIS level 1B images of calibrated radiances (MOD02QKM) for identifying the potential of employing MODIS data in mapping daytime NEE. We prefer using level 1B data over other MODIS products, such as MOD43B3 (surface albedo), MOD15A2 (leaf area index fraction of PAR), and MOD17A2 (gross primary production), because of the obvious relationship of the data with the forest management unit level at 250 m. Derived MODIS products are generally undesirable in most forest management applications because (i) at 1 km resolution, the resolution is far too coarse to be practical; and (ii) the derived products are mostly comprised of 8-16 day composites. In addition, tower-based measurements of NEE, APAR, and above-canopy temperature are generally presented as 20-60 min averages. Air temperature is included here to examine its relation to ecosystem respiration. The DEM of the province provides a terrain correction to the calculation of PAR and, subsequently, APAR.
Data requirements

Methodology
Figure 2 is a flow diagram of the calculation procedure for daytime NEE and intermediate variables, such as daily PAR, fraction of PAR (fPAR), and APAR. The calculations are carried out in four separate steps: (1) an empirical expression relating point (tower) measurements of daytime NEE to APAR (>0.0) is developed from data collected at NWL; (2) daily photosynthetically active radiation (incident PAR) is spatially estimated using the LanDSET model of Bourque and Gullison (1998) ; (3) balsam fir dominated forests in northern New Brunswick by applying the linear relation derived in step 1 with the spatial calculation of APAR (in step 3) as input.
Relating daytime NEE with APAR
Theoretically, daytime NEE should be strongly correlated with APAR, as plants use APAR to convert CO 2 and H 2 O to plant biomass. We use the following expression to capture this dependency:
where daytime NEE is in µmol·m , LUE is the light use efficiency (equation slope) in mol·mol -1 , and R E is the ecosystem respiration (equation intercept) in µmol·m -2 ·s -1 (e.g., Hunt et al., 2004) . As LUE and R E are ecosystem specific, we use flux data from the NWL softwooddominated site to estimate LUE and R E for balsam fir. Although estimates from Equation (1) composed, similarly aged forest ecosystems (e.g., Veroustraete et al., 2002; Chiesi et al., 2005) . This uniformity facilitates scaling up of NEE point calculations to cover entire regions dominated by balsam fir.
Data processing
Prior to generating an empirical expression linking average daytime NEE to APAR (by means of Equation (1)), the flux data are preprocessed as follows: (i) measurements are taken from a time window from 6 am to 9 pm (local time), when PAR > 0.0, to ensure that only daytime NEE values are used in the analysis; (ii) since the quality of NEE measurements is routinely affected by excessive precipitation (due to sensor wetting), low wind velocities, and sensor malfunctioning, NEE values collected during periods of rain, low wind speeds, or sensor or system malfunctioning are eliminated from the dataset; and (iii) point calculation of APAR is based on tower measurements of PAR, i.e.,
where PAR↓ represents the incident PAR in µmol·m -2 ·s -1 , and PAR↑ is the PAR reflected from the canopy in µmol·m 
Estimating daily PAR
Terrain-corrected estimates of daily PAR are calculated with the LanDSET model of Bourque and Gullison (1998) . A key input to the model is a 250 m resolution DEM of New Brunswick from which all of the following are computed (Bourque and Gullison, 1998) : (i) slopes; (ii) slope orientation; (iii) horizon angles (minimum angle at which direct sunlight can reach to a particular point at a given sun position angle without being obstructed by the surrounding terrain); (iv) view factors (proportion of the sky that is unobstructed from one's view from every direction (360°field of view)); and (v) terrain configuration factors, which determine the amount of reflected radiation that can be received from the surrounding terrain. Together with variables like day of year (DOY), time of solar noon, latitude, and atmospheric transmittance (set at 0.70), daily total cloud-free incoming solar radiation is modelled over variable terrain (Bourque and Gullison, 1998; Bourque et al., 2000) . In the LanDSET model, incoming solar radiation is composed of a direct and diffused component and a reflected component representing radiation streaming from the surrounding terrain. Available PAR is assumed to make up approximately 45% of incoming solar energy (Goldberg and Klein, 1977) .
MODIS data processing
The radiance values of the MODIS level 1B data for both the visible and near-infrared bands are converted as top of atmosphere (TOA) reflectance values using the reflection scales specified in the header file and solar zenith angle. The TOA reflectance is used here in the calculation of NDVI and the albedo at TOA (i.e., α TOA ) (Valiente et al., 1995) : 
where NDVI and α TOA are dimensionless quantities; and r 1 TOA and r 2 TOA are the TOA reflectances from the visible and nearinfrared bands (also dimensionless), respectively. Surface albedo, α s (dimensionless), is then estimated from α TOA by applying a simple atmospheric correction described, for example, in Chen and Ohring (1984) and Bastiaanssen et al. (1998) 
where a is the mean albedo at the top of a clear atmosphere above a nonreflecting surface, and b is the mean effective "twoway" transmittance through a clear atmosphere (both dimensionless). Values of a and b are set to 0.0587 and 0.73 after Chen and Ohring (1984) . The combination of NDVI and surface albedo is then used to delineate water bodies (i.e., when NDVI < 0 and surface albedo < 10%) and cloud cover (i.e., when NDVI > 0 and surface albedo > 30%) to exclude the associated information from further analysis. The NDVI is also used to calculate a simple ratio (SR), from which fPAR is estimated, specifically 
where SR range = SR max -SR min , and fPAR range = fPAR maxfPAR min (and fPAR range = 0.95 -0.01 = 0.94) (Sellers et al., 1996) . To define SR max and SR min , we use estimates of NDVI from Equation (3) to derive SR values at NWL (by means of Equation (6)). We find that a value of NDVI ≥ 0.66 gives SR max = 4.80, and a value of NDVI = 0.03 gives SR min = 1.06 with Equation (6). The SR values determined here are very similar to those reported in Sellers et al. (1996) . The spatial calculations of APAR are obtained from estimates of fPAR (based on Equation (7)) and daily total estimates of PAR as follows:
Estimating average daily NEE
Spatial estimates of daytime NEE for the May-September period in 2004 and 2005 (incorporating 12 near-cloud-free MODIS images descriptive of the sampling period) are then calculated with Equation (1) and values of APAR, LUE, and R E predetermined in steps 1 and 3 in the Methodology.
Results and discussion
Relating daytime NEE with APAR Figure 4a provides the May-September average variation in daytime NEE and APAR as a function of local time for the 2004 and 2005 sampling periods. It reveals that the peak of daytime NEE occurs earlier than the peak of APAR, mostly related to the gradual closing of the stomates when temperatures exceed the optimum temperature (around 17°C for balsam fir) as solar heating increases. It is interesting to note that the average MaySeptember period daytime patterns and values of APAR for both years are nearly identical. There is a slight decrease in peak daytime NEE during 2005, however, compared with the peak value in 2004 (-2 µmol·m -2 ·s -1 reduction; an explanation for this reduction is addressed in the next paragraph). Figures 4b and 4c Table 2 ). Figure 5 shows R E to vary exponentially, largely as a function of temperature. Soil moisture in this study did not differ greatly between years to make a significant difference in R E (data not shown). Empirical work by others has shown similar relationships between soil respiration (an element of R E ) and soil temperature (e.g., Singh and Gupta, 1977; Raich and Schlesinger, 1992; Lloyd and Taylor, 1994) . Because surface temperature is relatively easy to assess with remote sensing techniques under cloud-free conditions, R E can be reasonably modelled with above-canopy air temperature (or surface temperature, in well-ventilated, vegetation-free areas). About 63% of the variation in nighttime R E is explained by air temperature alone (Hassan et al., 2006b) (Figure 5a) . It is shown that the above-canopy air temperatures in the MaySeptember period of 2005 were generally higher (i.e., greater propensity for higher temperatures) than those of 2004 (Figure 5b) , resulting in an increase in R E ( Table 2 ) and a subsequent decrease in average (and peak) daytime NEE for the May-September period in 2005. As R E is generally low compared with daytime uptake of carbon (-15 µmol·m -2 ·s -1 ), young to immature balsam fir ecosystems in New Brunswick have the potential to be significant CO 2 sinks.
Daytime NEE values from a selection of forest ecosystems across North America show that the NEE values from the NWL site (i.e., 1.2-12.8 µmol·m -2 ·s -1 ) are significantly higher than values measured at other forest sites in North America, e.g., 3.5-9.7 µmol·m -2 ·s -1 for lodgepole pine (Pinus contorta Dougl.), engelmann spruce (Picea englemannii Parry), and subalpine fir (Abies lasiocarpa (Hook.) Nutt.) ; 2.2-6.8 µmol·m -2 ·s -1 for jack pine (Pinus banksiana Lamb.) (Desjardins et al., 1997) ; and 0-8.4 µmol·m -2 ·s -1 for black spruce (P. mariana) (Desjardins et al., 1997) . This difference is most likely due to the fact that the other sites are composed of older forests, which over the long term tend not to sequester as much CO 2 as young to immature forests. Older forests are at a point where uptake of CO 2 for photosynthesis approaches the level of CO 2 released from stem and soil respiration, resulting in a zero net uptake of CO 2 (e.g., Kimmins, 1997; Coursolle et al., 2006) .
Verification
Figure 6 provides comparisons between daily measured and modelled PAR (Figure 6a ) and APAR (Figure 6b ) using the LanDSET model for both the NWL and CL sites. Reasonable agreement exists between observed and predicted values (i.e., root mean square error (RMSE) = 22.25 µmol·m -2 ·s -1 and r 2 = 95.9% for PAR, and RMSE = 19.61 µmol·m -2 ·s -1 and r 2 = 96.7% for APAR, with calculated slopes close to -0.90), producing a slight overprediction. Differences between modelled and measured values may be related to instrumentation calibration and levelling inaccuracies, the presence of thin cloud layers, and model inaccuracies. Defining which of these variables (or combination of variables) contribute to the unexplained portion of the variation (4%-5%) is fairly difficult. Applying Equation (1) to the CL site produces strong correlations between tower-based measurements and model predictions of NEE, when both actual and modelled APAR values from the site are used as input, i.e., RMSE = 0.49 µmol·m -2 ·s -1 and r 2 = 99% with actual APAR values (Figure 7a) , and RMSE = 0.55 µmol·m -2 ·s -1 and r 2 = 99% with modelled APAR values (Figure 7b) . The values of equation coefficients in Equation (1) are based on the coefficients generated by fitting Equation (1) to the NWL site data (Figure 4b) . Despite strong correlations in both cases, NEE predictions using modelled APAR values as input provide a slightly better fit. The deviation from the 1:1 correspondence line in Figures 7a and 7b suggests that the forest at CL, on average, tends to sequester more CO 2 than the forest at NWL during 2004.
As soil water controls NEE (Suyker and Verma, 2001 ) and thus plant growth, differences in soil water content (SWC) are hypothesized to be responsible for the increased carbon uptake and stand growth at CL for the 2004 period. The mean difference between SWC measurements (i.e., the average values taken at four different soil depths of 5, 10, 20, and 50 cm) at both CL and NWL is about 30% during the JulySeptember 2004 period, as shown in Figure 8 . The CL site, because of its physiographic position within a prominent landscape depression, is observed to have a more favourable SWC regime compared to the NWL site, found in an active drainage zone, despite the fact that NWL received more precipitation (+11%). Another variable, such as the projected area of green leaves on the ground (i.e., leaf area index, LAI), can also influence NEE. The higher LAI value at CL (-9.4) compared with that at NWL (-8.4) can also be considered responsible for the increased carbon uptake at CL. Examination of annual increment growth of selected harvested trees and site index ranking data from the two sites and several ancillary sites nearby reinforces this conclusion . Further research on this matter is being contemplated by referring to long-term meteorological and site (6) and (7) at both NWL and CL sites.
records and available ecophysiological models to assess causeand-effect relationships. Figure 9 provides the May-September variation of daytime NEE for 2004 and 2005 for NWL and CL based on the analysis of 12 MODIS images. Also shown are quadratic fits applied to the site-specific NEE values as a function of DOY. As we have related NEE to APAR based on seasonally averaged daytime values, this approach is clearly unable to capture the day-to-day variation inherent in 30 min NEE values. The approach reveals that for both years (2004 and 2005) , however, the CL site sequesters a greater amount of CO 2 compared with the NWL site. These observations are consistent with our understanding of the trends observed in Figure 7 . Figure 10a provides a spatial distribution of daily average daytime NEE for the balsam fir dominated region of northern New Brunswick for 10 June 2004 and reveals that average NEE values mostly fall in the range of 8-12 µmol·m -2 ·s -1 (Figure 10b ).
Spatiotemporal variation of NEE
Limitations
As May-September period trends are used to determine the average daytime NEE, our methodology fails to address daily variations in CO 2 exchange. The methodology could potentially be useful for understanding the seasonal carbon uptake, which should in theory reflect the average annual growth rate in aboveground biomass in balsam fir dominated forests. As daytime NEE is affected by species composition, stand age, and variable climatic conditions, addressing these variations would involve installing additional flux towers (or implementing a roving-tower system) to capture local variations in ecosystem functioning and carbon exchange in a multitude of ecosystems.
Concluding remarks
This study demonstrates an approach of integrating sitespecific flux measurements with remotely sensed MODIS data to capture net CO 2 exchange in balsam fir dominated regions of eastern Canada. Ninety-seven percent of the variability in the averaged May-September daytime values of NEE measured at the NWL site could be explained by averaged estimates of APAR alone. Coefficient values determined in the analysis provide important ecological information concerning light-use efficiency of balsam fir and ecosystem respiration with respect to the spatial calculation of daytime NEE for young to intermediate-aged (20-40 years old) balsam fir forests.
Estimates of daytime NEE founded on (i) the combination of MODIS data and the daytime NEE-APAR relation (via Equation (1)) and (ii) tower-based measurements are consistent when applied to the NWL and CL sites. MODIS-based estimates of NEE indicate that the CL site is more productive and absorbs a greater amount of CO 2 for 2004 and 2005 than the NWL site. A similar conclusion is drawn when tower-based estimates of NEE for 2004 for CL and NWL are compared.
In this research, we introduce the concept of using an average periodic diurnal trend analysis applied to measured fluxes of NEE and APAR, which is not common in carbon cycling research. It is interesting to note that the described approach assists us to understand a significant portion of the growing-season variation (i.e., >97%) in averaged NEE, despite the simplicity of the approach. Although not viable for assessing daily variation in NEE, averaging schemes like this have a role in assessing mean diurnal patterns spatially and over seasonal time frames and as such have a significant part in the study of carbon exchange. Being able to differentiate NEE between sites from satellite imagery is critical to the advancement of carbon cycling science and to the development of site productivity ranking methodologies for forest management applications.
